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This study characterises the spatiotemporal ‘‘window of visibility’’ for ﬁrst-order motion (luminance-modulated noise) and three
varieties of second-order motion (contrast-modulated, polarity-modulated and spatial length-modulated noise). Direction-identiﬁ-
cation thresholds (minimum modulation depth producing 79.4% correct) were measured for each motion pattern (acuity permitting)
over a ﬁve octave range of spatial and temporal frequencies (0.5–16 c/deg and 0.5–16 Hz respectively). Thresholds were converted
into modulation sensitivity (1/threshold). For ﬁrst-order motion patterns, sensitivity functions were generally bandpass. However,
for second-order motion patterns, functions were predominantly lowpass in nature. In particular, the functions corresponding to
contrast-modulated and polarity-modulated noise were virtually identical in terms of shape and sensitivity. However, sensitivity
to modulations of spatial length was extremely poor and more lowpass, suggesting that additional strategies, perhaps a feature-
based system, may be required for encoding motion of images of this type.
 2005 Elsevier Ltd. All rights reserved.
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Visual cues by which motion is signalled have tradi-
tionally been divided into two broad classes of stimuli:
signals of a ﬁrst-order (Fourier) nature such as lumi-
nance or colour and signals that are second-order
(non-Fourier)1 in nature, involving more complex tex-
tural properties such as contrast. Whilst it is assumed
that information regarding luminance is processed by
a linear (Fourier) mechanism, the second-order proper-
ties of an image are not explicit in the Fourier domain.0042-6989/$ - see front matter  2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.visres.2005.03.002
* Corresponding author. Tel.: +44 115 95 15280.
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Hutchinson).
1 We have used the terms ﬁrst-order and second-order to refer to the
stimulus properties in order to avoid any potential ambiguity
regarding the mechanisms responsible for encoding them (Cavanagh
& Mather, 1989).Although some second-order motion patterns contain
unequal luminance energy at diﬀerent spatial/temporal
scales (e.g. beats), stimuli should ideally be micro-bal-
anced (contain equal luminance energy in opposing
directions at all spatial and temporal scales) to eﬀec-
tively isolate mechanisms sensitive to second-order
motion in the laboratory. Thus, it is widely assumed that
a non-linearity such as squaring or rectiﬁcation must
precede the extraction of motion information (Chubb
& Sperling, 1988; Wilson, Ferrera, & Yo, 1992).
Theoretically, it is feasible that ﬁrst-order and sec-
ond-order motion are encoded by the same mechanism
(Johnston, McOwan, & Buxton, 1992). Indeed some
neuroimaging studies have failed to ﬁnd distinct cortical
loci for the processing of ﬁrst-order and second-order
motion (e.g. Nishida, Sasaki, Murakami, Watanabe, &
Tootell, 2003; Seifert, Somers, Dale, & Tootell, 2003).
However, there is a growing body of converging
evidence from neuropsychology, physiology and
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tion are, at least initially, detected separately (Baker,
1999; Nishida, Ledgeway, & Edwards, 1997; Smith &
Ledgeway, 1997, 1998; Vaina, Cowey, & Kennedy,
1999), making it unlikely that ﬁrst-order and second-
order motion are processed by a single, unitary mecha-
nism. This has led to the postulation of an elaborate
ﬁltering model for ﬁrst-order and second-order motion
having two parallel signal-processing pathways, one
responding to ﬁrst-order and the other to second-order
image attributes whose outputs are then subsequently
combined (Baker, 1999). In one pathway, luminance-de-
ﬁned, ﬁrst-order attributes are processed conventionally
using spatiotemporal ﬁlters (e.g. motion energy detec-
tors) whereas the other (second-order) pathway is made
up of a serial ﬁlter-rectify-ﬁlter cascade. The ﬁrst-stage
ﬁlter contains early linear subunits, followed by a non-
linearity (rectiﬁcation) and ﬁnally a late linear ﬁlter.
The early ﬁlter controls selectivity to the carrier texture
and the late ﬁlter determines envelope (modulation)
selectivity.
The sensitivity of the human visual system has been
extensively measured for ﬁrst-order (luminance-de-
ﬁned) stationary gratings (Campbell & Robson, 1968)
and more recently, the shape of the spatial modulation
sensitivity functions for static ﬁrst-order (luminance-
deﬁned) and second-order (contrast-deﬁned) stimuli
have been comprehensively measured under a multi-
plicity of carrier conditions (Schoﬁeld & Georgeson,
2003). Where moving patterns are concerned, sensitiv-
ity to luminance-deﬁned (ﬁrst-order) motion has been
previously studied quite extensively (Anderson & Burr,
1985; Anderson, Burr, & Morrone, 1991; Kelly, 1979).
In addition, temporal modulation sensitivity has been
measured for large ﬁeld ﬂickering patterns with no
overt spatial structure (Gorea, Wadak, & Lorenzi,
2000) as have temporal modulation sensitivity func-
tions for ﬁrst-order and second-order motion direction
at a single spatial frequency (Lu & Sperling, 1995,
2001b; Smith & Ledgeway, 1997). To date however,
there has been little attempt to either comprehensively
map spatiotemporal sensitivity to second-order motion
or to determine sensitivity to ﬁrst-order and second-
order motion under comparable conditions, i.e. to
establish the visual systems ‘‘window of visibility’’
for diﬀerent varieties of motion.
Unlike ﬁrst-order images, second-order signals must
necessarily be presented in conjunction with a carrier
such as noise. As such, second-order motion patterns
have typically been constructed by modulating the con-
trast of a ﬁeld of spatially two-dimensional (2-d) ran-
dom visual noise (the carrier) by a drifting sinusoidal
waveform (the envelope), while the noise itself either
remains static or is dynamic (uncorrelated over time)
such that any luminance changes carry no net move-
ment information (Chubb & Sperling, 1988). The studyof second-order motion has centred, almost exclusively,
around the use of contrast-modulated noise patterns.
However, as evidence for separate detection of ﬁrst-
order and second-order motion grows, it becomes
increasingly speculative to restrict the study of sec-
ond-order motion to contrast-modulated patterns as
there is no a priori reason to suppose that, at least
to the visual system, all second-order properties are
homogenous (processed similarly). Indeed, it has been
suggested previously that there may be some degree
of inhomogeneity of detectors that respond to diﬀerent
kinds of ‘‘second-order’’ motion (Petersik, 1995; Lu &
Sperling, 1995, 2001b). In addition, Kingdom, Prins,
and Hayes (2003) have presented evidence using static
second-order patterns that also suggests that the hu-
man visual system employs mechanisms that may be
selective to stimulus type, questioning the existence of
a mechanism for encoding all second-order image attri-
butes. Hence, the sensitivity of the human visual sys-
tem to other types of second-order motion has
speciﬁc and fundamental implications for any generic
ﬁlter-rectify-ﬁlter model of second-order motion
perception.
Therefore, the following study measured modulation
sensitivity functions for ﬁrst-order motion (luminance-
modulated dynamic noise) and for three diﬀerent varie-
ties of second-order motion (contrast-modulated
dynamic noise, polarity-modulated dynamic noise,
spatial length-modulated dynamic noise) over a range
of spatial and temporal frequencies.2. Method
2.1. Observers
Two observers, CVH and TL (the authors), partici-
pated in the study. Both had corrected-to-normal acuity
and had no history of any visual disorders.
2.2. Apparatus and stimuli
Stimuli were generated using a Macintosh G4 and
presented on a Sony Trinitron Multiscan E530 monitor
with an update rate of 75 Hz using custom software
written in the C programming language. For precise
control of luminance contrast the number of intensity
levels available was increased from 8 to 12 bits by com-
bining the outputs of the three digital-to-analog convert-
ers of the video card using a custom-built video
attenuator (Pelli & Zhang, 1991). Images were presented
in greyscale on the colour monitor by amplifying the
resulting 12-bit monochrome signal and sending this
same signal to the red, green and blue guns of the dis-
play, allowing ﬁne-grained control of the luminance
levels in each stimulus.
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Images were viewed binocularly and in darkness at a dis-
tance of 138.9 cm. One pixel subtended 0.94 0 of visual
angle resulting in a display that subtended 6 deg verti-
cally and 6 deg horizontally. To ensure that the sec-
ond-order motion stimuli did not contain any
luminance artifacts, the monitor was carefully gamma-
corrected using a photometer and look-up-tables
(LUT). As an additional precaution, the adequacy of
the gamma-correction was also checked psychophysi-
cally using a sensitive motion-nulling task (Gurnsey,
Fleet, & Potechin, 1998; Ledgeway & Smith, 1994; Lu
& Sperling, 2001a).
All stimuli were drifting modulations of ﬁrst-order or
second-order motion which were vertically oriented in
space. All contained a dynamic noise carrier to allow
direct comparisons between the results for each stimulus
type. For all motion patterns the noise carrier was com-
posed of a ﬁeld of 2-d, binary, dynamic random visual
noise in which individual pixel elements were assigned
to opposite luminance polarities with equal probability.
The noise had a Michelson contrast of 0.15 and was
resampled on every frame. Each noise pixel element sub-
tended 0.94 0 of visual angle. A low carrier contrast (0.15)
was chosen to reduce the risk of global distortion prod-Fig. 1. Schematically represented examples of the motion patterns used in t
modulated dynamic noise pattern (a), a contrast-modulated dynamic noise p
Also shown are space/space plots of an example of a spatial length-modula
motion sequence at time one (T1), time two (T2) and time three (T3).ucts (luminance artifacts) (Scott-Samuel & Georgeson,
1999).
First-order motion patterns were luminance-modula-
tions of a dynamic noise carrier and were constructed by
adding a drifting sinusoidal luminance grating to the
ﬁeld of dynamic noise (Fig. 1a). Second-order motion
patterns were contrast-modulated, polarity (ﬂicker)-
modulated or spatial length-modulated dynamic noise
and were constructed as follows. For contrast-modu-
lated patterns, a drifting sinusoidal luminance grating
was multiplied by 2-d dynamic random visual noise
(Fig. 1b). For patterns deﬁned by polarity (ﬂicker), a
sinusoidal modulation was created which determined
the probability that individual pixel elements within
the noise ﬁeld would reverse their luminance polarity,
i.e. the probability that a black pixel would ﬂip to
white or that a white pixel would ﬂip to black. The
probability of the polarity reversal (ﬂicker) varied sinu-
soidally and the result was a travelling wave of ﬂicker
that produced a moving grating of smoothly drifting
bars composed of ﬂickering dots (Fig. 1c). Such a stim-
ulus can be described as a modulation of the frequency
with which the noise carrier is resampled. It can also be
described as second-order (Cavanagh & Mather, 1989)
and is non-Fourier because it can been shown to behe study. Shown are space/space and space/time plots of a luminance-
attern (b) and a polarity (ﬂicker)-modulated dynamic noise pattern (c).
ted motion pattern (d) over three consecutive frames of a rightward
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patterns expected space–time averaged luminance is
constant (Stoner & Albright, 1992). For patterns deﬁned
by spatial length, an image was created which was deter-
mined by the vertical length of ﬂickering bars. The
length of the bars varied sinusoidally as they travelled
across the screen and a new random sample of noise
was used every time the sinusoidal waveform was dis-
placed (Fig. 1d). This type of stimulus is an example
of a texture quilt (Chubb & Sperling, 1991) and has been
shown to be microbalanced even after any pointwise
transformation.
In all cases, the total duration of a presentation inter-
val was 853 ms and the modulation depth of the sinusoi-
dal waveform was smoothed on and oﬀ by half a cycle of
a raised cosine lasting 170 ms. In a similar manner the
sinusoidal modulation was spatially windowed in the
horizontal dimension according to a half cycle of a
raised cosine function with a half-period of 1.2 deg. This
was done to minimise the presence of spatial and tempo-
ral transients. The strength or modulation depth of each
stimulus type (during the plateau region of the spatial
and temporal window) was determined by the following
general equation:
Modulation depth ¼ ðAmax  AminÞ=ðAmax þ AminÞ; ð1Þ
where Amax and Amin represent the maximum and min-
imum values of each stimulus type. For luminance-mod-
ulated dynamic noise, Amax and Amin refer to the
maximum and the minimum luminances, respectively,
averaged over adjacent noise elements with opposite
polarity in the image. For contrast-modulated dynamic
noise, Amax and Amin refer to the maximum and the min-
imum local Michelson contrasts in the image computed
over adjacent noise elements with opposite polarity. For
polarity-modulated dynamic noise, Amax and Amin refer
to the maximum and the minimum probability (in the
range of 1–0) that each pixel would reverse its luminance
polarity. Finally, for spatial length-modulated dynamic
noise, Amax and Amin refer to the maximum and the min-
imum bar height in the range of the full image height to
one screen pixel respectively.
Sensitivity to the drift direction of the motion pat-
terns described above was measured (acuity permitting)
over a 5 octave range of spatial and temporal frequen-
cies. Spatial sensitivity was measured from 0.5 to
16.0 c/deg and temporal sensitivity was measured from
0.5 to 16.0 Hz in one octave steps.
2.3. Procedure
A single-interval, forced-choice procedure was em-
ployed. On each trial, observers were presented with a
ﬁxation cross, followed by the presentation of a motion
stimulus that drifted either leftwards or rightwards. The
direction of movement was chosen at random on eachtrial. After the presentation of the stimulus, observers
were cued to respond with a key press, their task being
to judge the direction of the patterns motion. Feedback
was given after trials in which the observer responded
incorrectly. A direction-identiﬁcation task, rather than
a simple detection paradigm, was employed to ensure
that observers judgements were indeed based on the re-
sponse properties of motion-encoding mechanisms,
rather than those that mediate the encoding of spatial
form per se. This is important because in the case of sec-
ond-order motion stimuli, previous studies (Smith &
Ledgeway, 1997) have shown that the absolute sensitiv-
ities of the mechanisms that extract spatial form and
those that process motion direction are not the same,
and thus it is vital to use a task that speciﬁcally probes
motion mechanisms.
The modulation depth of the test stimulus was varied
from trial to trial according to a modiﬁed 1-up 3-down
staircase designed to converge on the modulation depth
corresponding to 79.4% correct (Cornsweet, 1962;
Levitt, 1971; Wetherill & Levitt, 1965). At the beginning
of each run of trials the modulation depth of the test
pattern was initially set to a suprathreshold level (typi-
cally 6 dB above threshold) and the initial staircase
step size was chosen to be half this value. On subsequent
reversals the step size was halved and testing was termi-
nated after a total of 16 reversals. Threshold estimates
were taken as the mean of the last four reversals in each
staircase. Each observer completed a minimum of four
runs of trials (i.e. four staircases) for each condition
and the order of testing was randomised. The mean
threshold and 95% conﬁdence intervals (95% CI) were
then calculated for each spatial frequency, temporal fre-
quency and stimulus type.3. Results
Fig. 2a and b show modulation temporal frequency
sensitivity functions (the reciprocal of modulation depth
at threshold) for each motion pattern (plotted on the
same axes for comparison purposes), at each of a range
of spatial frequencies for two observers, CVH and TL
respectively. As expected, sensitivity to ﬁrst-order (lumi-
nance-modulated) motion patterns was far superior to
that observed for second-order motion. In general,
ﬁrst-order temporal tuning functions for both observers
exhibited a bandpass characteristic with sensitivity peak-
ing on average between 2 and 4 Hz. At lower spatial fre-
quencies (0.5, 1 and 2 c/deg), the modulation sensitivity
functions were extremely similar. However, as spatial
frequency increased beyond 2 c/deg, sensitivity became
systematically poorer. For all types of second-order
motion pattern, by 4 c/deg the acuity limit had been
exceeded and only sensitivity to luminance-modulated
(ﬁrst-order) patterns was still measurable. Such marked
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Fig. 2. Comparison of the modulation temporal frequency sensitivity functions for all four types of motion pattern (modulations of luminance,
contrast, polarity and spatial length) at each spatial frequency for observer CVH (a) and TL (b). Vertical bars above and below each datum (where
visible) represent 95% CI.
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motion patterns can be taken as good evidence that
the second-order images used in the study did not con-
tain any local luminance artifacts upon which detection
could be based. For contrast-modulated (second-order)
motion patterns, modulation temporal frequency sensi-
tivity functions were generally lowpass in character
and exhibited a marked descent as temporal frequency
increased above 2 Hz (with the exception of observer
CVH at 1 c/deg where the data displayed a slightly
bandpass character). In addition, as found for lumi-
nance-modulated motion, overall temporal sensitivity
declined as spatial frequency increased. Of all thesecond-order motion patterns used in this study, supe-
rior temporal sensitivity was observed for contrast-mod-
ulated images. For polarity-modulated patterns
sensitivity was slightly poorer. However for both
observers, the modulation temporal frequency sensitiv-
ity functions for contrast-deﬁned and polarity-deﬁned
motion patterns were virtually identical. In this instance
the data exhibited a slightly lowpass function and more
often than not considerable overlap is evident between
the symbols corresponding to contrast and polarity at
each temporal frequency. Modulation temporal fre-
quency sensitivity functions were poorest for second-
order modulations of spatial length. The results were
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Fig. 2 (continued )
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tion of movement was exceedingly low, never exceeding
a level of around 1.5.
The data included in Fig. 2a and b have been replot-
ted in Fig. 3a and b in order to characterise modulation
spatial frequency sensitivity for each motion pattern
(again plotted on the same axis for comparison pur-
poses) at each of a range of temporal frequencies for
observers CVH and TL respectively. Once more sensitiv-
ity to ﬁrst-order motion was markedly superior to that
exhibited for second-order motion. For luminance-mod-
ulated (ﬁrst-order) motion patterns, the shapes of the
sensitivity functions for both observers were moderately
bandpass in nature. At all temporal frequencies,sensitivity peaked at around 1 c/deg, exhibiting a steady
fall-oﬀ at higher spatial frequencies. For second-order
motion patterns, spatial sensitivity was not measurable
beyond a temporal frequency of 4 Hz which again
can be taken as evidence that the second-order patterns
employed in this study were free from luminance arti-
facts. For contrast-modulated (second-order) motion
patterns, the data were generally lowpass in character.
Once more, from a spatial perspective, contrast-modu-
lated patterns produced the greatest sensitivity. How-
ever, just as in the temporal case, contrast-deﬁned and
polarity-deﬁned motion produced virtually identical
patterns of performance. The data for polarity-modu-
lated (second-order) motion patterns was clearly
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Fig. 3. Comparison of the modulation spatial frequency sensitivity functions (data replotted from Fig. 2) for all four types of motion pattern
(modulations of luminance, contrast, polarity and spatial length) at each temporal frequency for observer CVH (a) and TL (b). Vertical bars above
and below each datum (where visible) represent 95% CI.
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at all temporal frequencies tested. Like modulation tem-
poral frequency sensitivity, modulation spatial fre-
quency sensitivity functions were poorest for second-
order modulations of spatial length and within the range
of frequencies tested were clearly lowpass.
3.1. Spatiotemporal sensitivity surfaces
Following the logic of Lu and Sperling (1995, 2001b)
in order to further expose any similarities or diﬀerences
between sensitivity for each stimulus type, we plotted
relative sensitivity surfaces for each of the four typesof motion pattern by converting modulation
sensitivity values to decibels (dB) using the following
equation:
dB ¼ 20 log10
Si
Smax
 
; ð2Þ
where Si refers to modulation sensitivity at each fre-
quency and Smax refers to the maximum (overall) mod-
ulation sensitivity observed for each pattern type. In
addition, when sensitivity could no longer be measured
(i.e. the acuity limit was exceeded), Si was set to unity.
Plotting spatiotemporal relative sensitivity surfaces
readily illustrates the overall window of visibility for
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lated (ﬁrst-order) dynamic noise patterns (Fig. 4) rela-
tive sensitivity covered the largest range. In terms of
the shapes of the surfaces, sensitivity was greatest at
lower spatial and temporal frequencies. Speciﬁcally,
the data were temporally bandpass and the surfaces
were generally quite ﬂat at the lowest spatial frequencies.
Spatially, relative sensitivity was also bandpass but
exhibited a more rapid fall-oﬀ with increasing spatial
frequency. For contrast-modulated (second-order)
dynamic noise patterns (Fig. 5) relative sensitivity
covered a much smaller range. Surfaces were generallylowpass both spatially and temporally. For polarity-
modulated (second-order) dynamic noise (Fig. 6),
relative sensitivity covered a very similar range to that
observed for contrast modulations and again functions
for both spatial and temporal sensitivity were lowpass.
Finally, for spatial length-modulated (second-order)
motion patterns (Fig. 7), relative sensitivity was re-
stricted to a considerably narrower window of frequen-
cies. The surfaces were lowpass both spatially and
temporally although sensitivity declined most rapidly
with increasing spatial (rather than temporal) frequency
where sensitivity was no longer measurable by 2 c/deg.
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Fig. 4. Relative spatiotemporal sensitivity surfaces for luminance-
modulated (ﬁrst-order) dynamic noise patterns for two observers,
CVH and TL. Relative sensitivity is plotted in decibels (dB) in the
range of maximum sensitivity (0 dB) to minimum sensitivity corre-
sponding to 53.5 dB and 58.2 dB for observers CVH and TL
respectively.
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Fig. 5. Relative spatiotemporal sensitivity surfaces for contrast-
modulated (second-order) dynamic noise patterns for both observers.
In this case minimum sensitivity represents the point at which
thresholds could no longer be measured, i.e. sensitivity dropped to 1.
For contrast-modulated motion patterns relative sensitivity is plotted
in the range spanning 0 (max) to 15.3 dB and 13.5 dB for observers
CVH and TL respectively.
332 C.V. Hutchinson, T. Ledgeway / Vision Research 46 (2006) 324–335However temporally, although sensitivity was extremely
low in general it could still be measured up to 8 Hz.
We have also calculated the 3 dB roll-oﬀ points (the
highest frequency at which sensitivity drops to 0.71 of its
maximum) for each motion pattern. These are presented
in Table 1 for observers CVH and TL and are expressed
in octaves from peak sensitivity.4. Discussion
This study has comprehensively measured modula-
tion sensitivity for ﬁrst-order (luminance-modulated)
and three types of second-order (modulations of con-
trast, polarity and spatial length) motion under equiva-
lent conditions.
The results of the present study have shown that
whereas the shapes of the temporal and spatial sensitiv-
ity functions for ﬁrst-order motion patterns were gener-
ally bandpass, for second-order motion patterns the
functions were typically lowpass in nature. Theseﬁndings are in agreement with those of previous studies.
These diﬀerences add weight to the notion that the
mechanisms responsible for encoding ﬁrst-order and
second-order motion are, at least to some degree at
threshold, independent in human vision.
Our ﬁndings for luminance-modulated noise patterns
are in agreement with other studies that have produced
bandpass temporal tuning functions for ﬁrst-order mo-
tion patterns (e.g. Kelly, 1979; Robson, 1966; Watan-
abe, Mori, Nagata, & Hiwatashi, 1968). Lu and
Sperling (1995, 2001b) have measured temporal fre-
quency tuning for second-order motion patterns and
have shown that whilst temporal tuning functions for
contrast-modulated static noise patterns exhibit a band-
pass temporal tuning function, similar to that found for
ﬁrst-order motion, for contrast-modulated dynamic
noise, functions are lowpass. These ﬁndings highlight
how temporal tuning function can be aﬀected by the
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Fig. 6. Relative spatiotemporal sensitivity surfaces for polarity-mod-
ulated (second-order) dynamic noise patterns for both observers. For
polarity-modulated motion patterns relative sensitivity is plotted in the
range 0 to 12.7 dB and 12.3 dB (corresponding to a modulation
sensitivity of 1) for observers CVH and TL respectively.
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Fig. 7. Relative spatiotemporal sensitivity surfaces for spatial length-
modulated (second-order) dynamic noise patterns for both observers.
For spatial length-modulated motion patterns relative sensitivity is
plotted in the range 0 to 3.9 dB and 3.8 dB (corresponding to a
modulation sensitivity of 1) for observers CVH and TL respectively.
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other studies that have produced lowpass temporal tun-
ing functions for dynamic contrast-modulated, second-
order patterns using both motion (Smith & Ledgeway,
1998) and ﬂickering/pulsed stimuli (Derrington & Cox,
1998; Manahilov, Calvert, & Simpson, 2003; Schoﬁeld
& Georgeson, 2000). However, as previously mentioned,
our study is the ﬁrst to characterise sensitivity to the
direction of motion as a function of both spatial and
temporal frequency using additional types of second-or-
der motion.
As regards how the diﬀerent types of second-order
motion patterns compare, the results were interesting.
Where contrast-modulated and polarity-modulated
images were concerned, the overall shapes of their
respective modulation sensitivity functions were almost
identical. It seems likely therefore that contrast-deﬁned
and polarity-deﬁned stimuli are encoded by the same
motion-detecting mechanism in human vision.
For modulations of spatial length, sensitivity was ex-
tremely poor, never exceeding a sensitivity level of 1.5.Although it may simply be that the functions measured
for all of the second-order motion patterns are approx-
imately similar except for a gain factor, the inferior
sensitivity exhibited in the functions for spatial length-
modulated motion patterns are not inconsistent with
the proposed characteristics of the feature-based third-
order system proposed by Lu and Sperling (1995,
2001b). (Note that it was not possible to measure the
temporal 3 dB roll-oﬀ point for spatial length because
temporal sensitivity was so poor.) As such it may be rea-
sonable to implicate some kind of attentive, high level,
feature-tracking strategy in order to derive the direction
of the envelopes motion. Thus, the results for second-
order modulations of spatial length suggest that in some
cases, especially where second-order motion patterns are
concerned, low-level motion sensors may not be solely
responsible for the perceived motion of objects. Indeed,
aside from the third-order system proposed by Lu and
Sperling (1995, 2001b), others have also suggested that
Table 1
3 dB roll-oﬀ points
Stimulus type Spatial frequency
roll-oﬀ
(octaves from peak)
Temporal frequency
roll-oﬀ
(octaves from peak)
Observer CVH
Luminance 0.84 2.14
Contrast 0.45 0.32
Polarity 1.32 1.30
Spatial length 1.58 –
Observer TL
Luminance 0.62 2.30
Contrast 0.68 0.58
Polarity 1.19 1.22
Spatial length 1.58 –
334 C.V. Hutchinson, T. Ledgeway / Vision Research 46 (2006) 324–335there may be an engagement of both attention-based
and low-level processing for many second-order motion
patterns (Cavanagh, 1992). In addition, there is evidence
that both low-level motion detectors and mechanisms
utilising diﬀerent motion-detecting strategies such as
high-level feature-tracking may mediate (at least some
of the time) perceptual judgements in second-order dis-
plays (Ledgeway & Hess, 2000; Smith, 1994).
Precisely how stimuli such as modulations of spatial
length are processed by the visual system remains to
be elucidated. It is possible that they are encoded diﬀer-
ently to modulations of contrast or polarity (ﬂicker).
That there may be a distinction between second-order
motion patterns is consistent with the ﬁndings of Lu
and Sperling (1995, 2001b) who found temporal tuning
diﬀerences between second-order patterns deﬁned by
texture-contrast and those deﬁned by dynamic stereo-
depth, motion-from-motion and interocular luminance
modulations. Speciﬁcally, whereas patterns deﬁned by
texture-contrast displayed a gradual temporal fall-oﬀ
with increasing temporal frequency over a reasonably
large range (1–16 Hz), patterns deﬁned by dynamic ste-
reo-depth, motion-from-motion and interocular lumi-
nance modulations were more severely lowpass in that
the fall-oﬀ in sensitivity was more rapid and occurred
over a considerably smaller range of frequencies. As a
result, Lu and Sperling (1995, 2001b) concluded that
texture-contrast is ‘‘fast’’ and second-order in nature
whereas dynamic stereo-depth, motion-from-motion
and interocular luminance are ‘‘slow’’ and third-order
in nature.
As regards to how our ﬁndings relate to the ﬁltering
stages incorporated in current ‘‘ﬁlter-rectify-ﬁlter’’ mod-
els of second-order motion perception, it has been sug-
gested that second-stage linear ﬁlters utilise the
outputs of the ﬁrst-stage ﬁlters (following rectiﬁcation)
tuned to carrier spatial frequencies which are higher
than the modulation spatial frequency (Sutter, Sperling,
& Chubb, 1995). As such, the temporal characteristics of
the mechanism that processes second-order motioncould be determined by the characteristics of the ﬁrst-
stage ﬁlters sensitivity at higher spatial frequencies
(Manahilov et al., 2003; Schoﬁeld & Georgeson, 2000).
In addition, that lower sensitivity is exhibited for sec-
ond-order motion (relative to ﬁrst-order motion) could
be due, in part, to the fact that at higher spatial frequen-
cies lower sensitivity is exhibited for luminance-modu-
lated patterns.
Benton (2004) has recently put forward a contrast-
normalisation model for the perception of second-order
motion in which second-order motion is encoded by the
same mechanism as ﬁrst-order motion. Although it is an
interesting possibility, this notion is not supported by
the results of the current study or by other psychophys-
ical, neurophysiological and neuropsychological evi-
dence (see Baker, 1999; Vaina & Soloviev, 2004).
Moreover, the model only accounts for contrast-modu-
lated second-order motion patterns and thus it is not
clear that it would necessarily be applicable to all types
of second-order motion.
In conclusion, the present study is the ﬁrst to compre-
hensively measure modulation sensitivity surfaces (i.e.
the window of visibility) for a range of ﬁrst-order and
second-order patterns under equivalent conditions and
its ﬁndings have highlighted a number of issues that
place important constraints on theories of second-order
motion processing. Firstly, they have reinforced previ-
ous evidence that ﬁrst-order and second-order motion
are likely to be processed separately in human vision.
Moreover, the ﬁndings have direct implications for the
prevailing view of second-order motion perception in
that it appears that it may be inappropriate to assume
that all kinds of second-order motion pattern are pro-
cessed by a single mechanism within the human visual
system. Indeed, the diﬀerences in the tuning functions
for some of our second-order motion patterns could
potentially mediate against a single generic ﬁlter-rec-
tify-ﬁlter model for detecting the motion of all types of
second-order patterns. For example, although it is
highly likely that second-order motion patterns such as
contrast and polarity (ﬂicker) are encoded in an equiva-
lent manner (Ledgeway & Smith, 1994), the case for
modulations of spatial length may not be as clear-cut.
In addition, the ﬁndings of this work have emphasised
the need for the study of second-order motion to be ex-
tended beyond modulations of image contrast and that
future work with alternative varieties of second-order
test patterns will elucidate the generality of conventional
ﬁlter-rectify-ﬁlter models of second-order motion
perception.Acknowledgments
This research was supported in part by a University
of Nottingham Research Committee grant awarded to
C.V. Hutchinson, T. Ledgeway / Vision Research 46 (2006) 324–335 335TL. We also wish to thank two anonymous reviewers for
their suggestions.References
Anderson, S. J., & Burr, D. C. (1985). Spatial and temporal selectivity
of the human motion detection system. Vision Research, 25,
1147–1154.
Anderson, S. J., Burr, D. C., & Morrone, M. C. (1991). Two-
dimensional spatial and spatial-frequency selectivity of motion-
sensitive mechanisms in human vision. Journal of the Optical
Society of America, 8, 1340–1351.
Baker, C. L. Jr., (1999). Central neural mechanisms for detecting
second-order motion. Current Opinion in Neurobiology, 9, 461–466.
Benton, C. P. (2004). A role for contrast-moralisation in second-order
motion perception. Vision Research, 44, 91–98.
Campbell, F. W., & Robson, J. G. (1968). Application of Fourier
analysis to the visibility of gratings. Journal of Physiology, 219,
335–365.
Cavanagh, P. (1992). Attention-based motion perception. Science, 257,
1563–1565.
Cavanagh, P., & Mather, G. (1989). Motion: The long and short of it.
Spatial Vision, 4, 103–129.
Chubb, C., & Sperling, G. (1988). Drift-balanced random stimuli: A
general basis for studying non-Fourier motion perception. Journal
of the Optical Society of America A, 5, 1986–2007.
Chubb, C., & Sperling, G. (1991). Texture quilts: Basic tools for
studying motion-from texture. Journal of Mathematical Psychol-
ogy, 35, 411–442.
Cornsweet, T. N. (1962). The staircase method in psychophysics.
American Journal of Psychology, 75, 485–491.
Derrington, A., & Cox, M. (1998). Temporal resolution of dichoptic
and second-order mechanisms. Vision Research, 38, 3531–3539.
Gorea, A., Wadak, C., & Lorenzi, C. (2000). Visual sensitivity to
temporal modulation of temporal noise. Vision Research, 40,
3812–3817.
Gurnsey, R., Fleet, D., & Potechin, C. (1998). Second-order motions
contribute to vection. Vision Research, 38, 2801–2816.
Johnston, A., McOwan, P. W., & Buxton, H. (1992). A computational
model of the analysis of some ﬁrst-order and second-order motion
patterns by simple and complex cells. Proceedings of the Royal
Society of London B, 250, 297–306.
Kelly, D. H. (1979). Motion and vision II. Stabilised spatio-temporal
threshold surface. Journal of the Optical Society of America, 69,
1340–1349.
Kingdom, F., Prins, H., & Hayes, A. (2003). Mechanism independence
for texture-modulation detection is consistent with a ﬁlter-rectify-
ﬁlter mechanism. Visual Neuroscience, 20, 65–76.
Ledgeway, T., & Smith, A. T. (1994). Evidence for separate motion-
detecting mechanisms for ﬁrst- and second-order motion in human
vision. Vision Research, 34, 2727–2740.
Ledgeway, T., & Hess, R. F. (2000). The properties of the motion-
detecting mechanisms mediating perceived direction in stochastic
displays. Vision Research, 40, 3585–3597.
Levitt, H. (1971). Transformed up–down methods in psychoacoustics.
Journal of the Acoustical Society of America, 49, 467–477.
Lu, Z.-L., & Sperling, G. (1995). The functional architecture of human
visual motion perception. Vision Research, 35, 2697–2722.
Lu, Z.-L., & Sperling, G. (2001a). Sensitive calibration and measure-
ment procedures based on the ampliﬁcation principle in motion
perception. Vision Research, 41, 2355–2374.Lu, Z.-L., & Sperling, G. (2001b). Three-systems theory of human
visual motion perception: Review and update. Journal of the
Optical Society of America A, 18, 2331–2370.
Manahilov, V., Calvert, J., & Simpson, W. A. (2003). Temporal
properties of the visual responses to luminance and contrast
modulated noise. Vision Research, 43, 1855–1867.
Nishida, S., Ledgeway, T., & Edwards, M. (1997). Dual multiple-scale
processing for motion in the human visual system. Vision Research,
37, 2685–2698.
Nishida, S., Sasaki, Y., Murakami, I., Watanabe, T., & Tootell, R. B.
H. (2003). Neuroimaging of direction-selective mechanisms for
second-order motion. Journal of Neurophysiology, 90, 3242–
3254.
Pelli, D. G., & Zhang, L. (1991). Accurate control of
contrast on microcomputer displays. Vision Research, 31,
1337–1350.
Petersik, J. T. (1995). A comparison of varieties of second-order
motion. Vision Research, 35, 507–517.
Robson, J. G. (1966). Spatial and temporal contrast sensitivity
function of the visual system. Journal of the Optical Society of
America, 56, 1141–1142.
Schoﬁeld, A. J., & Georgeson, M. A. (2000). The temporal properties
of ﬁrst-order and second-order motion. Vision Research, 40,
2475–2487.
Schoﬁeld, A. J., & Georgeson, M. A. (2003). Sensitivity to contrast
modulation: The spatial frequency dependence of second-order
vision. Vision Research, 43, 243–259.
Scott-Samuel, N. E., & Georgeson, M. A. (1999). Does early non-
linearity account for second-order motion? Vision Research, 39,
2853–2865.
Seifert, A. E., Somers, D. C., Dale, A. M., & Tootell, R. B. H. (2003).
Functional MRI studies of human visual motion perception:
Texture, luminance, attention and after-eﬀects. Cerebral Cortex,
13, 340–349.
Smith, A. T. (1994). Correspondence-based and energy-based detec-
tion of second-order motion in human vision. Journal of the Optical
Society of America A, 11, 1940–1948.
Smith, A. T., & Ledgeway, T. (1997). Separate detection of moving
luminance and contrast modulations: Fact or artifact? Vision
Research, 37, 45–62.
Smith, A. T., & Ledgeway, T. (1998). Sensitivity to second-order
motion as a function of temporal frequency and eccentricity. Vision
Research, 38, 403–410.
Stoner, G. R., & Albright, T. D. (1992). Motion coherency rules are
form-cue invariant. Vision Research, 32, 465–475.
Sutter, A., Sperling, G., & Chubb, C. (1995). Measuring the spatial
frequency selectivity of second-order texture mechanisms. Vision
Research, 35, 915–924.
Vaina, L. M., Cowey, A., & Kennedy, D. (1999). Perception of ﬁrst-
and second-order motion: separable neurological mechanisms?
Human Brain Mapping, 7, 67–77.
Vaina, L. M., & Soloviev, S. (2004). First-order and second-order
motion: Neurological evidence for neuroanatomically distinct
systems. Progress in Brain Research, 144, 197–212.
Watanabe, A., Mori, T., Nagata, S., & Hiwatashi, K. (1968). Spatial
sine-wave responses of the human visual system. Vision Research,
2, 175–176.
Wetherill, G. B., & Levitt, H. (1965). Sequential estimation of points
on a psychometric function. British Journal of Mathematical and
Statistical Psychology, 18, 1–10.
Wilson, H. R., Ferrera, V. P., & Yo, V. (1992). Psychophysically
motivated model for two-dimensional motion perception. Visual
Neuroscience, 9, 79–97.
